Abstract It is less than 20 years since nanotechnology found applications in food packaging. The new packaging materials have featured various improved characteristics such as antimicrobial activity and active packaging. However, there is a great controversy about the production cost, safety and suitability of nanocomposite materials to come in contact with foodstuffs. To this end, we critically summarize the literature in order to provide the overview of the current status in the field. A scientometric evaluation is presented for the first time in order to illustrate the state of the art. The USA and the Asian countries are the leaders, while the EU countries follow. Additionally, as the analysis of nanomaterials in food matrices is still in early stage, there is an emerging demand to review the analytical techniques which are capable for the monitoring of nanomaterials. Microscopy, spectroscopy, separation and mass spectrometry techniques show advantages and drawbacks which are discussed. FFF-ICP-MS and sp-ICP-MS have the greatest potential for the detection of inorganic nanoparticles in food. In conclusion, the difficulty of analyzing nanoparticles is increased by the lack of standard solutions, reference materials, standard methods and the limited number of available inter-laboratory proficiency tests.
Introduction
The main goal of packaging is the protection of the product and the maintenance of its shelf life. The package should keep food content safe but also qualitatively acceptable. The food packaging industry has managed to accomplish this mission. However, the food industry is constantly seeking for new technologies that will further improve critical parameters such as quality, safety, traceability and shelf life of food. In recent years, there is an effort to improve the properties of existing packing material with the introduction of nanotechnology in food industry. The advent of nanotechnology has created opportunities for the development and use of new materials such as nanomaterial, on food packaging. Nanomaterials (NMs) have size, at least in one of the three dimensions, smaller than 100 nm and they are used in various food science applications. To begin with, the functionalization of NMs is one approach that should be reported. This approach utilizes NMs for a definite function or purpose. Nanomaterials can be functionalized through various routes, non-covalent or covalent to obtain complex hybrid systems (Yang et al. 2016) . A typical example NMs functionalization is the use of quantum dots (QDs) for the assessment of pesticides using biosensors (Dey et al. 2017; Wu et al. 2017; Yang et al. 2017) . The implementation of NMs in the sector of food safety may start a new era of on-site pesticide residues monitoring. Concerning food packaging, NMs find more and more applications in food packaging (Reig et al. 2014 (HNTs; Jang et al. 2017) , for improved food packaging has drawn the attention of EU-funding with the new NanoPack Horizon 2020 research program (Segal 2017) . Research and development departments (R&D) of food industries along with research institutes and projects at academic level are trying to improve the quality of packaging with the use of NMs in the following fields: mechanical properties (Bradley et al. 2011; Lei et al. 2006; ShengdaTech 2008) , barrier properties (Š imon et al. 2008; Memiş et al. 2017; Scarfato et al. 2017; Scrinis and Lyons 2010; Smolander and Chaudhry 2010; Staroszczyk et al. 2017) and antimicrobial activity (Adepu and Khandelwal 2018; Bradley et al. 2011; Castro-Mayorga et al. 2018; Chorianopoulos et al. 2011; Espitia et al. 2016; Hannon et al. 2017; Li et al. 2011; Mlalila et al. 2017; Pal et al. 2007 ). In addition, the use of NMs allow realization of bold but innovative projects such as active (Downing-Perrault 2005; Grattan and Gilberg 1994; Taylor 2008) and recently innovative & intelligent packaging (Khan et al. 2018; Mlalila et al. 2016) . Some of these properties are already a reality (mostly in the USA and Asian Countries) while others are still in research scale. In any case, great advances are anticipated in this field, which will change the role of packaging ). The packaging applications along with the most commonly used NMs in each case are briefly documented in Table 1 . However, potential contamination of food in NM-based containers is crucial due to potential migration (Bumbudsanpharoke and Ko 2015; Gallocchio et al. 2016; Huang et al. 2015; Störmer et al. 2017) . Thus, there is a need for new analytical methodologies to specifically assess NMs. The lack of toxicity data as well as the controversial ability of migration between the package and the food, makes analytical assessment of nanomaterial in food necessary. In this way, we critically summarize the state of the art of NMs and the analytical methods that have the potential to accurately determine them.
State of the art Production cost
Utilization of nanotechnology in food packaging poses questions about whether production cost of such material is cost-efficient. A spontaneous response could be that polymers containing nanoparticles (NPs) in their composition cannot be produced in marketable quantities due to high cost. However, the situation is debatable. Two cases can be distinguished. In the first case, materials that have been released into the market and give improved properties of packaging. Such materials are polymers that contain nanoclay or which have integrated metals (or oxides of metals) at nano-dimensions or nano-cellulose. These NMs can be incorporated into conventional packaging materials such as membranes or containers and improve the properties of packaging. The increased cost of such materials is not significant, as conventional methods are used for the production, while the improved packaging properties result to increased food shelf life. On the other hand, the creation of innovative packaging with high production costs is feasible. Examples are the nano-composite multiple layers and the use of hybrid organic and inorganic nano-coatings. However, such packages cannot be placed on a commercial scale and are still under research (Bradley et al. 2011) .
The impact of nanotechnology in food industry is clear from available market reports, applications for patents and the growing number of products available in the market. In accordance with the market analysis done by the Helmut Kaiser Consultancy, the USA dominated in efforts to import nanotechnology in food sector. Asian countries follow, with China as a pioneer in the field, with predictions (2010) that the Asian market will be the largest in the world. The total size of nanotechnology market in food was estimated about 7 billion US $ in 2006, while it increased reaching 20 billion US $ in 2015 (Smolander and Chaudhry 2010) . According the consulting firm Cientifica, applications of nanotechnology in food are estimated to be about 410 million US $. Specifically, nanocomposite packaging materials occupy more than 50% of the market (210 million US $), followed by food processing and food ingredients applications with 100 million US $, respectively. Finally, around 400 companies deal with nanotechnology applications in food science field.
Scientometric evaluation of the field
The use of nanotechnology in the field of packaging attracts more and more research interest. Figure 1 shows the temporal evolution of publications related to the subject. The search was performed using Scopus database and (nanomaterial or nanomaterials or nanotechnology and ''food packaging'') were used as keywords. A continuous increase in publications number was observed indicating the emerging interest of scientific community towards NMs in food packaging. Furthermore, we should notice that the first study which reported in Scopus database was published in 2003 (Childs 2003 )! Since 2005-2007 period, 10 years ago, relative publications presented seven-fold increase. This shows that the sector is in its infancy and there is place for rapid growth. Three hundred sixty-four studies have been published until the end of 2016 as it is depicted in Fig. 2 . Almost the half of them are original works which were published in research journals, 178 articles, while review articles stand for the 23%, 84 articles, of the total. Furthermore, book chapters and books counted about 15% indicating the increased public and scientific interest. It is also important to notice that all of them have been published after 2009. Figure 3 shows the top ten countries in publications related to nanotechnology and food packaging. Two hundred eighty-one publications, 77% of the total, originate from these ten countries. It can be highlighted that the USA dominate the field, while dynamic is the presence of Asian countries (India, China and South Korea). Concerning European countries, active research is made in the UK, Spain, Italy and Germany.
Publications on nanomaterial and food packaging were scattered in more than 140 journals! This fact could be explained due to the multidisciplinary character of the field and the appreciation by a variety of journals. Journals which concern food analysis and food chemistry are mostly chosen such as ''Food additives and contaminants part A; Chemistry analysis control exposure and risk assessment'', ''Journal of food science'', ''Food and chemical toxicology'', ''Journal of agricultural and food chemistry'', ''Food and chemical toxicology'' and finally ''Food hydrocolloids'' (Fig. 4) . Also in the top ten are two reputed ''review'' journals ''Critical reviews in food science and nutrition'' and ''Trends in food science and technology''. Also, all journals in the top ten present an impact factor higher than 2 from ''Food technology'' and ''Journal of 
Safety assessment
Application of nanotechnology in food packaging is an innovative approach. Therefore, the possible migration of NMs should be assessed in order to protect consumers from harmful health effects. EU and USA require through their competent authorities, European Food Safety Authority (EFSA) and Food & Drug Administration (FDA) respectively, specific approval for each packaging material that is going to be released on the market (Chau et al. 2007; Raj and Matche 2012) . The safety assessment is based on the chemistry and toxicity data submitted and must follow the requirements of the legislation. However, there were not any requirement for the size of packaging materials until recently. Consequently, NMs were approved without any special risk assessment. In 2011, FDA requirements revised resulted in consideration of the materials dimensions used in food packaging (Bradley et al. 2011) . In 2009, EFSA published the potential risks that may arise from the use of nanotechnology in food. EFSA is not a regulatory authority but it gives scientific opinions on which the regulations adopted in the European Parliament usually comply with. Risk assessment should be performed by a public authority in each case and the classification of NMs intended for packaging cannot be a choice. This comes in accordance to EC/1935/2004 regulation, in which it is mentioned that any material coming in contact with foodstuffs or animal feeding stuffs must be considered separately as to whether it is safe. The current status in other countries of the world is well discussed and presented by .
The doubts of regulatory bodies on the safety of NMs is based on the controversy that can be found in published research (Gismondi et al. 2016; Qian et al. 2013 ). This statement is reflected by the following two examples for graphene oxide and inorganic nanoparticles such as silver and gold nanoparticles (Ag NPs. Au NPs). Nguyen et al. (2015) showed the low toxicity of graphene oxide against selected intestinal bacteria. Cells were unaffected at all selected graphene oxide concentrations for 24 h, and the dose-dependent cytotoxicity of graphene oxide was not observed. On the other hand, Wang et al. (2014) stated the in vitro cytotoxic effect of graphene oxide to cultured RPMI 8226 cells. The observed cytotoxic effect was dosedependent and associated with increased oxidative stress. Regarding Au NPs seems not to be inherently toxic to human cells, despite being taken up into cells (Connor et al. 2005) . Data published by Haase et al. (2011) demonstrated that even low doses of Ag NPs exerted adverse effects in human macrophages. A recently published article in Nature, McClements and Xiao (2017) , concludes that many NMs are unlikely to have adverse effects on human health, but there is evidence that some of them could have harmful effects and that future studies are required. Taking all the above facts into consideration, safety assessment of NMs is still in an early stage and more effort should be made.
Analytical prospects and gaps
Applications of nanomaterials become more and more popular arising concerns whether it is possible to accurately detect them in complex food matrices. The analytical measurement of NMs in food is even more needed when one taking into consideration the questionable NMs toxicity and the controversial migration ability between the package and the food (Grieger et al. 2016; Picó 2016) . The main analytical problem concerning NMs in food is the complex nature of the matrix. The characterization and identification of NMs would be much easier if they were separated entirely from the matrix. Another bottleneck of NMs detection is that their physicochemical properties are highly connected with the food matrix. In other words, a universal analytical approach is not available and the development of new methods in each matrix is necessary (Blasco and Picó 2011) . Although a great effort is made on NMs analysis in food, still the analytical techniques which have the potential to improve current status are undefined. To this end, we summarize which techniques have been used or proved ''fit for purpose'' concerning the detection of NPs emerging in foodstuffs from packaging.
Microscopy
Qualitative determination of metals found in nano-dimensions can be achieved by electron microscopy (EM). Determination using EM is feasible even in complex matrices such as food or biological tissues. However, the detection is possible when NMs are in a high concentration as a high magnification is required because of their very small size. Using techniques such as atomic force microscopy (AFM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM), can not only visualize NMs but also infrom about their size, shape and structure (Mavrocordatos et al. 2004 ). Figure 5 compares the images extracted using techniques AFM, SEM and TEM (Tiede et al. 2008) . Nevertheless, food packages contain very small amounts of nanocomposite materials and consequently high analytical sensitivity is needed. Last but not least, the time-consuming analysis using microscopy techniques is another limiting factor which have to be improved in order to incorporate this kind of analysis in routine analysis.
Spectroscopy
EM techniques can also identify carbon based NMs such as carbon nanotubes and fullerenes. However, the determination is very slow compared to inorganic nanostructures, as aforementioned. In this case Raman spectroscopy (RS) is a much appropriate analytical choice. Raman spectroscopy is a cheap, non-destructive and quick technique while it can also be applied for in situ determinations (Fantini et al. 2004; Tiede et al. 2008 ). On-site detection of food contaminants is a big trend as it can improve the current status in food safety. Except from RS, carbon nanotubes and fullerenes have been successfully detected using ultraviolet-visible spectroscopy (UV-Vis) and Fourier transformation-Infrared spectroscopy (FT-IR) (Andrievsky et al. 2002) . In addition, a common technique for the determination of particle size is the dynamic light scattering (DLS), which is widely used for carbon-based NMs. The main drawback of DLS is that it cannot distinguish properly NMs size in samples with high heterogeneity as well as discriminate inorganic and organic NMs that can be found in the determined material (Farré and Barceló 2012) . Notable is the use of nuclear magnetic resonance spectroscopy (NMR) which can determine the three-dimensional structure of a solid or a suspension, such as a food matrix. In addition, various applications of X-ray spectroscopy could potentially assist both the qualitative and the quantitative determination of NPs. Thus, X-ray diffraction (XRD) is a non-destructive method that can determine the crystalline structure and elemental composition of various materials. Indeed, XRD has been used for determination of Fe nanoparticles (Nurmi et al. 2005) . Finally, X-ray fluorescence (XRF) is another non-destructive technique used for qualitative and quantitative determination of elements in solid samples, powders and liquid samples. The XRF is used widely in the quality control of materials (Tiede et al. 2008 ).
Separation
Various separation techniques are utilized to isolate an analyte from complex matrices. In the case of NMs, successful separations can be achieved by size exclusion chromatography (SEC), capillary electrophoresis (CE) and field flow fractionation (FFF) techniques (Luykx et al. 2008) . Concerning SEC, a column of certain porosity is used, which means that within the network only specificsized particles may enter. Particles larger than the gel porous cannot enter the network and are eluted directly from the column. The next step is the fractionation of NPs which can fit into the gel (based on their size). Ideally, particles size should be the unique separation criterion. However, interactions between stationary phase and the analytes are often observed due to adsorption mechanisms. Furthermore, the limited variety of columns for the separation of NPs is still a problem as the pores of most columns are large compared to the size of NPs. The SEC technique has successfully used for the separation of carbon nanotubes (Ziegler et al. 2005) . Additionally, capillary electrophoresis can be used. CE has the advantage of not encountering interactions with stationary phase. This does not mean that there are no obstructions as the analyte interacts with mobile phase. The separation is based on the charge and size of the ingredients. A big drawback is that since separation is not based only on the size, data interpretation becomes difficult. In this way, Au and Ag have been successfully separated (Lin et al. 2007 ). The chemical characterization of these NP species was achieved within 4 min using diode array detection (DAD). Field flow fractionation (FFF) is a promising separation technique. It is similar to chromatographic techniques, but the separation is achieved by physical partitioning without any interaction of the analyte with the stationary phase. Particles are separated depending on how they are affected by an applied field, which may be the centripetal force or a hydrodynamic flow. The field controls the speed of the particles within a thin channel. The FFF is capable of separating particles whose size ranges from 1 nm to 1 lm and therefore is suitable for separating nanoparticles (Tiede et al. 2008; Von der Kammer et al. 2011) .
Mass spectrometry
NPs used in packaging materials can be both inorganic (metal nanoparticles) and organic compounds such as carbon nanotubes that confer improved mechanical properties in the package. Techniques such as inductively coupled plasma-optical emission spectrometry (ICP-OES) and inductively coupled plasma-mass spectrometry (ICP-MS) are preferred for the determination of the inorganic NMs. ICP-MS is an excellent option for simultaneous determination of elemental content to levels that reach up to ppt (Georgiou and Danezis 2015) . While, usually, sample preparation includes use of concentrated acids and microwave-assisted digestion, in the case of NMs such a procedure does not fit the analytical purpose. Digestion is used when the overall elemental content of the matrix should be determined. In this case, only the inorganic NPs have to be assessed, so a separation technique is combined such as LC (Carneado et al. 2015) and FFF (Gimbert et al. 2007 ). In cases of very low abundant elements, such as gold, wet digestion procedure is satisfactory, as it is accepted that the determined gold comes almost exclusively from the nanomaterial (Blasco and Picó 2011) . Another significant feature of FFF-ICP-MS is that can distinguish NPs based on their diameter. A promising technique for the determination of NPs is the single particle-ICP-MS (sp-ICP-MS). Single particle-ICP-MS can determine the average diameter of a nanoparticle. This is possible because of short dwell time, time necessary for identifying m/z, at the level of msec. Low dwell time allows better separation between NPs, while, in each dwell time, a single NP is measured. In addition, sp-ICP-MS technique allows distinguishing between nanoparticles of natural and artificial origin (Lee et al. 2014) . Unfortunately, these techniques cannot determine organic NPs as they are destroyed in the process of digestion.
The current situation about the techniques that can detect organic NPs in food is in an early stage. The need for organic NMs determination has led scientists to evaluate available feasible analytical approaches. Thus, TiO 2 nanoparticles have been identified using time of flight mass spectrometry (TOF-MS) combined with matrix assisted desorption ionization (MALDI; Guan et al. 2007 ). Analysis of NMs in environmental samples is in a more advanced level compared to food and should serve as a guide on how the analysis in food science field can be improved. Fullerenes have been identified in waste water using liquidchromatography paired with successive mass spectrometers (quadropole and ion trap; Farré et al. 2010) as well as the determination of their toxicity by LC-MS (Isaacson et al. 2007) .
Problems in the analysis of NMs
Except the difficulties that have already been mentioned, such as the possible complex matrix, it should also be emphasized that there are no standard solutions, reference methods, protocols and procedures for the analysis of NPs in food. In the case of food contaminants, the existence of internal standards is very important for quantification. Currently there is an available internal standard of fullerene C 60 highlighted with 13 C. Also, the Joint Research Centre, Institute of Reference Materials and Measurements (IRMM) released quality control material for silica NPs, the IRMM-304, while the National Institute of Standards and Technology (NIST) has reference materials for gold NPs (NIST RM 8011, 8012 and 8013) and polystyrene spheres (NIST SRM 1963a and 1964) . A great gap in the analytical process is that there are no inter-laboratory studies, which are useful for the validation of the methods. Quality criteria such as the accuracy and the limits of detection are indispensable for reliable analytical results. The main difficulty for the inter-laboratory studies lies in the fact that there are many different techniques and methods without any validation. Therefore, the obtained results cannot be easily compared and evaluated between different laboratories (Blasco and Picó 2011; Picó 2016 ).
Conclusions
The use of NMs in food packaging annually draws greater attention by the scientific community. These packaging applications have already become part of the market in the case of the USA and Asian countries. On the other hand, EU countries have not adapted yet these innovative technological features. In fact, Europeans prove their perception to utilize materials that are fully examined for safety issues in order to be used as packaging agents. One way or another, nanocomposite materials should be studied extensively in order to meet safety and quality standards. Analytical chemists should act as pioneers and develop powerful instrumentation and suitable methodologies for an accurate and sensitive determination of NPs. Nevertheless, the lack of standard solutions, reference methods, reference materials, and standardized protocols is a great analytical bottleneck of high importance for the analysis of NPs in food matrices. The developed methods should be fully validated. In any other case, quantitative measurement of NMs in food matrices cannot be precise.
